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abstract 

4-(Methjlnitrosaminci)-H3-p>Tidv , l)-l-butaiione (NNK), a potent to- 
bjcco-spcciftc carcinogen in animals, has been linked to tobacco-related 
cncers in humans. The c}lochrome(s) P-450 (P-450) responsible for the 
metabolic activation of NNK in humans has not been identified. The 
present work investigated the ability of human lung and liver microsomes 
jnd 12 forms of human P-450, expressed in Hep G2 (hepatoma) cells, to 
metabolize NNK. Of the 12 P-4S0 forms, P-450 IA2 had the highest 
vjty in catalyzing the conversion of NNK to the keto alcohol, 4- 
,o.vy-I-(3-p>Tidyl)-I.butanone. P-450s 2.46, 2B7, 2EI, 2F), and 3A5 
jtso had measurable activities in the formation of keto alcohol. The 
tpparent AT„ and P„, Tor the formation or keto alcohol in the P-450 
1 A2-expressed Hep G2 cell lysate were 309 jim and 55 pmol/min/mg 
protein, respectively. 4-fMcthylmtrosamino)-l-(3-pvrid>l)-l-butanol, a 
reductive product, was the major metabolite formed, whereas the forma- 
don of keto alcohol and its aldehyde and acid derivatives (all n-hydrox- 
ylation products) constituted approximately 1% of the initial amount of 
SSK in P450-expressed Hep G2 cell lysate. A similar metabolite pattern 
was observed with human lung or liver microsomes. In human lung 
microsomes. the apparent A'„s for the formation of 4-hydroxy-4-(3- 
pyridyijbutyric acid, 4-o\o-l -O-pyridylH-butarione. N\K-,V-ovide. and 
4-{methylnitrosamino)-H3-pyridyl>-l-butanol were 526, 653. 531. and 
573 uM, respectively; the formation of koto alcohol was not observed. 
For human lung microsomes. there was no sex-related difference in NNK 
metabolism. Carbon monoxide (907. atmosphere) significantly inhibited 
the metabolism of NNK in human lung and liver microsomes. 7,8- 
Benzoflavone, an Inhibitor of P-450s 1.41 and lA2,had no effect on NNK 
metabolism in human lung microsomes but decreased the formation of 
keto alcohol by 47% in human liver microsomes. Similarly, antibodies 
against human P-450s 1A2 and 2E1 decreased keto alcohol formation by 
42% and 53%, respectively, in human liver microsomes but did not affect 

v'K metabolism in lung microsomes. Inhibitory antibodies against P- 

.ds 2A1, 2C8, 2D1, or 3A4 had little or no effect on the metabolism of 
NNK in human liver or lung microsomes/These results demonstrate that 
human liver and lung microsomes have the capacity to metabolize NNK 
and that different P-450 forms are responsible for the formation of 
different metabolites and suggest that other enzymes may be important 
in the activation of this carcinogen in the human lung. ^ 

INTRODUCTION 

NNK 5 is a potent tobacco-sped fie carcinogen formed from 
the nitrosation of nicotine during tobacco processing and ciga¬ 
rette smoking (1, 2). It has been found to induce lung tumors 
in all animal species tested (1). From studies on the occurrence. 


carcinogenicity, and metabolic activation of tobacco-specific 
nitrosamihes, NNK and A''-nitrOsOnornicotine have been sug¬ 
gested to play a role in human tobacco-related cancers (1). 
Metabolic activation of NNK involves the a-hydroxylation of 
either the methylene or methyl carbon of NNK, resulting in the 
methylation or pyridyloxobutyiation of DNA, respectively (Fig, 
1) (3, 4). Studies with animals have shown that P-450 enzymes 
are involved in the metabolic activation of NNK (5, 6), but the 
roles of specific P-450 enzymes in the catalysis in different 
tissues remain to be identified. The enzy mes (hat are responsible 
for the activation process in humans have not been identified. 
The levels of specific P-450 forms in target organs may con¬ 
tribute to interindividual variations among humans in their 
susceptibility to NNK-related neoplasia. 

In order to characterize the enzymes which catalyze the 
metabolism of NNK, several approaches can be used, including 
studies with human P-450 forms expressed in mammalian cells, 
inhibition of metabolism in microsomes by specific antibodies 
against P-450 forms, and selective inhibition or induction of P- 
450 forms by various chemicals. The ability to express individ¬ 
ual P-450 complementary DNAs in cultured ceils allows one to 
determine the involvement of several closely related P-450 
enzymes in oxidizing drugs or activaling carcinogens (7,8). For 
instance, Aoyama el at. (8) found that five forms of comple¬ 
mentary DNA-expressed human hepatic P-450 had the poten¬ 
tial to activate the hepatoearcinogen aflatoxin B, to mutagenic 
metabolites and DNA-bound derivatives. The high specificity 
of antibodies makes them useful as probes to assess the contri¬ 
bution of different P-450 enzymes in microsomes in the metab¬ 
olism of a specific substrate. However, results have to be inter¬ 
preted with care when P-450s from a different organ or animal 
species are involved. The same precautions should be applied 
when chemical inducers are used (7, 9). P-450s 1A1, 1A2, and 
2B1 were found to be involved in the metabolism of NNK in 
mouse lung, rat lung, and nasal mucosa microsomes in iramu- 
noinhibition experiments (5). 1 However, the expression of dif¬ 
ferent P-450 genes and their catalytic activity are different in 
humans (8, 10, 11). In the present study, 12 forms of human 
hepatic cytochrome P-450 expressed in Hep G2 cells, and 
inhibition studies with antibodies against human P-450s and <*- 
naphthofiavone were utilized to characterize the P-450 enzymes 
involved in the oxidation of NNK. 
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MATERIALS AND METHODS 

Chemicals. Unlabeied NNK and [5- J H]NNK (2.12 Ci/mmol; purity 
> 95%) were purchased from Chemsyn Science Laboratories (Lenexa, 
KS). The radiolabeled NNK was repurified by reverse-phase HPLC 
before use- NNK metabolite standards were kindly supplied by Dr- 
Stephen Hccht of the American Health Foundation (Valhalla, NY). All 
other chemicals were of reagent grade. Polyclonal antibodies against 


*T. J Smith. Z. Guo. J-Y. Hong, S. \l. Sing. P. E. Thomas, and C. S. Yang. 
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Fig. I. Metabolic pathways of NNK. Struc¬ 
tures in brackets, hypothetical intermediates 
< 11 . 
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rat hepatic cytochrome P-450 2A1 (P-450ltf) and P-450 2D1 (P- 
450 vth) and human hepatic P-450 2C (P-450wp.i). P-450 2EI (P-450J). 
P-450 3A4 (P-450sf) and pretmmurte IgG serum were prepared and 
characterized as described previously (12-17). All individual prepara¬ 
tions used had been demonstrated to be inhibitory at the concentrations 
used here. From immunoblotting and imniunoinhibition studies, the 
antibody against rat P-450 2Di recognizes the debrisoquine-hydroxy- 
lating P-450 (2D6), and anti-P-450 2A) recognizes P-450 2A6 in 
human liver microsomes (12, 15). An autoantibody against human liver 
P-450 IA2 was obtained from the serum of a patient with dihydraltzine- 
irduced hepatitis (designated as NAL) (18): this antibody selectively 
recognizes and strongly inhibits human P-450 1A2 and was kindly 
donated by Prof. Philippe H. Beaune (Paris. France). 

P450-expresscd Hep G2 Cells. Recombinant vaccinia viruses con¬ 
taining the complementary DNAs encoding the P-450 proteins IA2, 
2A6. 2B7, 2C8, 2C9. 2D6. 2E1. 2F1. 3A3, 3A4. 3A5, and 4B1 were 
constructed and characterized as described (19). Hepatoma cells were 
grown to 90% confluency and infected with the recombinant vaccinia 
viruses as described (8). For the control experiments. Hep G2 cells 
were infected with the wild-type vaccinia virus. The P-450 contents and 
the diagnostic enzy me activities for each P-450 were previously deter¬ 
mined (8). The cells were lysed by sonicating for 5 s three times while 
in ice, and the protein concentration of the lysates was determined 
according to the method of Lowry et al. (20). The whole cel! lysates 
were used throughout the study for the determination of NNK 
metabolism. 

Human Liver and Lung Microsomes. Human liver samples were 
obtained from the Nashville Regional Organ Procurement Agency 
(Nashville, TN; coded "HI." for human liver and a code number), and 
microsomes were prepared as described and stored at -80*C (21). 
Glycerol in the microsomal preparations was removed by dialysis 
against 0.25 m sucrose before use. Sample HL 114 was used throughout 
the study, due to the high total P-450 content. 

Human lung tissues were autopsy specimens from patients who did 
not have cancer. The autopsy specimens were obtained within 6-11 h 
or death. The age varied from 16 to 42 years. Of the 15 samples 
(denoted “HPL" for human peripheral lung and a code number), 8 
were from males and 7 were from females, Microsomes were prepared 
and isolated by differential centrifugation (5. 22) and stored at -80"C. 
The protein concentration w-as determined as described (201. The 
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sample coded HPL 1315 was selected for more derailed studies, since 
it had the highest activity for metabolizing NNK and catalyzed the 
formation of most of the metabolites from NNK. 

NNK Metabolism Analysis- The incubation mixture consisted of iOO 
ran sodium phosphate. pH 7.4, 5 mM glucose-6-phosphate. 0.75 units 
glucose-6-phosphate dehydrogenase. I mM NADP*. ! mvi EDTA, 3 
mM MgClj, 5 mM sodium bisulfite, 10 mm (S-'H|NNK, and 0.375 mg 
cell lysate protein, or 0.15 mg (liver) or 0.375 mg (lung) microsomal 
protein in a total volume of 0.2 ml. Sodium bisulfite was incorporated 
into the incubations in order to trap keto aldehyde (23). The reaction 
mixture was incubated for 60 min at 37’C and terminated by the 
addition of 25% zinc sulfate and saturated barium hydroxide. The 
reaction mixture was centrifuged, filtered, and injected onto a reverse- 
phase HPLC system equipped with a Radiomatic Flo-One/Beta rad’ 
oflow detector (Radiomatic Instruments and Chemical Co., Tampa. 
FL). The HPLC conditions used were the same as those previously 
described, except that the 0.02 m Tris-HCI buffer was at pH 6.0 (5). 
The identities of the NNK metabolites were determined by coinjecting 
S pi of authentic NNK metabolite standards with 100 pi of the sample 
onto the HPLC system. 

Statistics. The data were analyzed by Student's I test or by analysis 
of variance followed by the Newman-Keuis range test. 

RESULTS 

NNK Metabolism in P450-expressed Hep G2 Cells. The 
metabolism of NNK was determined with control Hep G2 cells 
and 12 forms of human P-450s expressed in Hep G2 cells with 
10, 150, and 1000 rm NNK as substrate (Fig. 2). NNAL 
{product from carbonyl reduction) was the major metabolite 
formed in control and all P450-expressed Hep G2 cell lysates 
(data not shown). The formation of NNAL has been suggested 
to be catalyzed by carbonyl reductase (1). At all NNK concen¬ 
trations, the formation of keto aldehyde (a-hydroxyiation prod¬ 
uct). although at a very 1 low rate (0.1-0.2 pmol/min/mg), was 
observed with control and all P450-expressed Hep G2 cell 
lysates, suggesting that endogenous enzymes are present in the 
Hep G2 cells which can catalyze this reaction (Fig. 2). Of the 
58 
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Fig. 2. Metabolism of NNK by 12 forms of PASO expressed in Hep G2 cells. 
Incubations contained an NADPH-generaling system. 5 mM sodium bisulfite. 
ICO met sodium phosphate. pH 7.4, 0.375 mg cell lysate protein, and 10 uu (A ). 
150 «m (fl), or 1000 Al (C) (5-’H|Nfx'K, Reactions were earned out ai 3VC for 
60 min. and the formation of keio aldehyde (D). NNK-A'-oxide (□). and Iteto 
alcohol (■) were determined. Values arc the average of triplicates. Rate is 
repressed as pmol/min/mg protein. 



F >g 3 The metabolism ofNN’K in human lung microsomes. Reaction mistures 
consisted of an NADPH-generating system. 5 mM sodium bisulfite. 100 mst 
sodium phosphate. pH 7.4. 0.375 mg microsomal protein, and 10 riM f5-'H] 
N\k. Reactions vverc carried out at 37’C for 60 min and the formation of 
hydroxy acid {B3}. NNK-.V-oxide (□). keto aldehyde fM), and NNAL IQ) were 
determined. Values are the average of duplieales. Rate is expressed as pmol/min/ 
mg protein. Abscissa . sample code number. F. female: Af. male. 


12 forms of human P-450s, P-450 1A2 had the highest activity 
in catalyzing the formation of keto alcohol (a-hydroxylation 
product) at all NNK concentrations (Fig. 2). P-450s 2A6, 2B7. 
2EI. 2F1, and 3A5 were also capable of catalyzing the forma¬ 
tion of keto alcohol, but at much lower rates. P-450 2C8 
catalyzed the formation of NNK-A'-oxide (pyridine A : -o.xidation 
product) at all NNK concentrations, but at a very low rate. The 
results suggest that P-450 1A2 may have a major role in 
catalyzing the formation of keto alcohol, if it is present in the 
tissue. 

NNK Metabolism in Human Liver and Lung Microsomes. 
Under (he present experimental conditions, approximately 10% 
of the initial amount of NNK was metabolized in human liver 
and lung microsomes within 60 min. The metabolism of NNK 
in human liver microsomes resulted in the formation of hydroxy 
acid, keto aldehyde, keto alcohol, NNK-A'-oxide, NNAL- 
A-oxide [4-(methylnitrosamino)-l-(3-pyrid>TA'-oxide)-l -bu¬ 
tanol], and NNAL (Fig. 1). In human lung microsomes, the 
formation of hydroxy acid, keto aldehyde, NNK-A'-oxide, and 
NNAL was observed, but not the formation of keto alcohol 
(Fig. 3), suggesting that the P-450 isoform(s) responsible for 
catalyzing this reaction was present at low amounts or was 
absent. The reductive product, NNAL, was the major metabo¬ 
lite formed, whereas the formation of the a-hydroxylation prod¬ 
ucts constituted approximately 1% of the initial amount of 
NNK in incubations with human liver and lung microsomes. 
No sex-related differences for NNK metabolism in human lung 
microsomes were observed (Fig. 3). There was some variability, 
as much as a 3-foid difference, in the total rate of NNK 
metabolism by the 15 human lung microsomal samples exam¬ 
ined. Furthermore, the 15 human lung microsomal samples did 
not have the same metabolite profile. In six of the samples, 
formation of the aforementioned NNK metabolites was ob¬ 
served, whereas in the other samples, hydroxy acid and NNK- 
A'-oxide formation were not detectable. These results may be 
due to differences in the P-450 composition of the human lung 
microsomes. 

Kinetic Parameters. From the results obtained with the hu¬ 
man hepatic P-450s expressed in Hep G2 cells. P-450 1A2 was 
selected for detailed studies to determine the kinetic parameters 
for keto alcohol formation (Fig. 4). The apparent K„ and U m ,, 
for keto alcohol formation were 309 and 55 pmol/min/mg 
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Fig. 4. Substrate dependency for the formation of keto alcohol in P-4 50 1A2- 
c\pressed Hep G2 cell lysate. Reaction mixtures contained an NADPH-generat- 
ing system, 5 tmi sodium bisulfite. 100 m\i sodium phosphate, pH 7.4.0.375 mg 
cell lysate protein, and 10-350 hm (S-^HJNNK. Reactions were carried out ai 
37*C for 60 min. Values are ihc mean of three replica lions; the difference between 
replications was less than I0 r f. Rate is expressed as pmol/min'mg protein. 
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Table I Kinetic parameters for SSK metabolism in human Jung microsomes and 
cytochrome P-450 l A2-expressed Hep 02 cells 



Metabolite 

A- 

OAll 

tpmol min/mg protein) 


Human lung 

Hvdrox> acid 

526 - 31° 

2.9 ± 0.1 


Keto aldehvde 

653 i 48 

4.6 ± 0.3 


NNk*iV-o\ide 

531 ± 24 

7.7 ±0.3 


NNAL 

575 i 41 

335 ± 12 


P-450 1A2 in Hep G2 cell 

Keto alcohol 309 i 16 

55 ± 2 


* Values are the mean + SD of three replications, 


protein, respectively (Table !). The estimated A’ m (^M) and K„„ 
(pmol/min/mg protein, from the data in Fig. 2) for keto alcohol 
formation are 491 and 23.5. respectively, for P-450 2E1 ex¬ 
pressed in Hep G2 cells. In human liver microsomcs, (he 
apparent K m for the formation of keto alcohol was 400 pM (data 
not shown). A low K m (in the concentration range of 5-20 
NNK) was not observed with human liver microsomes. P-450 
!A2 appears to be involved in a rather high K„ (low' affinity) 
pathway for the activation of NNK in the human liver. 

Michaelis-Menten kinetics was observed for the metabolism 
of NNK in human lung microsomes in the substrate concentra¬ 
tion range of 7-200 mm NNK (Fig. 5). The apparent K m for the 
formation of hydroxy acid (523 p.vt), keto aldehyde (653 gM), 
NNK-A'-oxide (513 gM), and NNAL (573 mm) were about the 
same (Table 1). 

Effect of Inhibitors. Carbon monoxide, a known P-450 inhib¬ 
itor, was used to determine the contribution of P-450s to the 
metabolism of NNK. In control and P-450 1 A2-expressed Hep 
G2 cell lysates, the formation of keto aldehyde was not signif¬ 
icantly (P > 0.05) decreased, whereas keto alcohol formation 
w'as completely inhibited in the P-450 I A2-expressed Hep G2 
cell lysate (Table 2). These results suggest that the formation 
of keto aldehyde in the Hep G2 cell lysates is catalyzed primar¬ 
ily by endogenous enzyme(s) other than cytochrome P-450. On 
the other hand, in human liver microsomes. carbon monoxide 
decreased the metabolism of NNK by 51-100%, and in human 
lung microsomes NNK metabolism was decreased by 20-25% 
(Table 2). Thus, P-450s appear to have a role in the metabolism 
of NNK in human lung and liver microsomes. 

7,8-Benzoflavone is a selective inhibitor of P-450s 1A1 and 
1A2. Since the above results with P450-expressed Hep G2 cells 
suggest that P-450 1A2 can catalyze the formation of keto 
alcohol, the effect of 7,8-benzoflavone on the metabolism of 
NNK was investigated. The formation of keto alcohol was 
decreased by >99 and 47% in P-450 lA2-expressed Hep G2 
cell lysate and human liver microsomes. respectively (Table 3). 
7,8-Benzofiavone had no effect on the metabolism of NNK in 
human lung microsomes. 

An inhibitory antibody against human P-450 !A2 S was used 
to further investigate the involvement of this P-450 enzyme in 
the metabolism of NNK, Anti-P-450 IA2 decreased the for¬ 
mation of keto alcohol by 42% in human liver microsomes 
(Table 4). The formation of the other metabolites from NNK 
metabolism was not affected. In addition, an antibody against 
human P-4S0 2E1 decreased the formation of keto alcohol by 
53% in human liver microsomes. Antibodies recognizing P- 
450s 2A6, 2C8, 2D6, and 3A4 had little or no effect on the 
metabolism of NNK in human liver microsomes (Table 4). In 

’Both rabbit anti-human P-450 IA2 and human hydralazinc-induced auto- 
antibodics recognizing P-450 1A2 (181 have considerably greater selectivity for 
human P-450 IA2 compared 10 P-4 50 J A1 (T. Shimada. C-H. Vun. H. Yamazalo, 
J-C. Gauiier, P. H. Beaune, and F. P. Guengerich. submitted for publication). 


human lung microsomes, antibodies against P-450s 1A2, 2.-\[( 
2C8, 2DI, 2E1. and 3A4 had little or no effect on NNk 
metabolism (Table 5). The above results suggest that P-450 s 
1A2 and 2EI are involved in the formation of keto alcohol i n 
human liver microsomes, whereas other enzymes which remain 
to be identified are involved in the metabolism of NNK in 
human lung microsomes. 


DISCUSSION 


Previous studies with rodent microsomes and purified P-450 
2B1 in a reconstituted system suggested that the oxidative 
metabolism of NNK is catalyzed by P 450s 1A1, IA2, and 2B| 
(5, 6, 24). < With the use of human P-450s expressed in Hep G2 
cells, more than one P-450 species was found to catalyze the 
oxidation of NNK. Although P-450 l A2 had by far the highest 
activity, the formation of keto alcohol was also catalyzed by p. 
450s 2A6 (previously known as 2A3). 2B7, 2E1, 2F1, and 3A5 
(Fig. 2). Using a human B-iymphoblastoid cell line with s' *t« 
expression of different P-450s, Crespi el at. (25) found tha. ,ne 
sensitivity of the expressed cell lines to NNK was P-450 1A2 
= 2A6 (2A3) > 2D6 > 2EI. In the present study, however, P- 
450 2D6 did not display activities above the basal level of the 
Hep G2 cells* The results suggest that P-450 IA2 may be a 
major enzyme involved in the metabolism of NNK in the human 
liver; however, in individuals with low levels of P-450 1A2, p- 
450s 2A6, 2B7, 2EI. 2FI. and 3A5 may become more impor¬ 
tant in the metabolism of NNK. Hepatoma cells contain ex¬ 
tremely low levels of endogenous P-450s (8), P-450 IAI is 
constitutively expressed in human Hep G2 cells and is inducible 
by polycyclic aromatic hydrocarbons (26). The involvement of 
P-450 IAI in the formation of keto aldehyde was suggested by 
the observation that this activity was induced by 3-methylchol- 
anthrene in rat liver microsomes, which is known to induce P- 
450 1A1. 7 However, in the present study, the extremely small 



Fig. 5. Substrate dependency for the metabolism of NNK in human lung 
microsomes. Incubations contained an NADPH-generating system. 5 mvt sodium 
bisulfite. 100 mst sodium phosphate. pH 7.4.0.375 mg microsomal protein, and 
7-200 jS-'HINNK Reactions were carried out at 37*C for 60 min. and the 
formation of hydroxy acid (■). keto aldehyde (•). and NNK-.V-oxide (A1 were 
determined. Values are the mtan o( three replications; the difference between 
replications was less than 10(7. The lung sample coded 1315 was used for the 
analyses. 


4 In recent collaborative studies w ith Dr. Charles Crespi. microsomes prepare 
from a human B-lymphoblasioid cell tine expressing P-450 2D6 were found 
catalyze the formation oflceto aldehyde and keto alcohol at rates of 0.2 7 and 0 
pmol/min/mg protein, respectively, in an incubation with 10 pM NNK as $u 
strate. 

7 Z. Guo, T. J. Smith, P. E. Thomas, and C. S. Yang, unpublished daia. 
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Table 2 Inhibition ofSSK metabolism in control and P-150 iA2-expressed Hep G2 cells, and human liver and lung microsomes by carbon monoxide 
\ir or a mixture of carbon monoxide and air (9:1) was bubbled through the cell lysate or microsome-buffer mixture for 3 min. The reaction was started bj the 
of the NADPH-gcnenumE system and 10 nM {5- ! H)NNK. Values are the mean ± SP of mo replications._ 


Carbon 

monoxide 


I atmosphere) 

Hydroxy 

acid 

K.eto 

aldehyde 

NN AL-.v-oxidt 

NNK-.V-oxide 

Keto 

alcohol 

NSAL 



(pmolcs/min/mg protein) 



Control Hep 

G2 cell 






0 

<0.02 

0.11 ±0.01 

<0.02 

<0.02 

<0.02 

7.16 + 0.52 

90 

<0.02 

0.10 ±0.01 

<0.02 

<0.02 

<0.02 

7.33 + 0.21 



(9)* 




(0) 

P-450 IA2 in Hep G2 cell 






0 

<0.02 

0.1.1 ±0.01 

<0.02 

<0.02 

0.83 ± 0.03 

6.18 ±0.43 

90 

<0.02 

0.12 + 0.01 

<0.02 

<0.02 

<0.02'’ 

5.91 +0.55 



<8! 



(100) 

(4) 

Human liver 

microsome 






0 

o. 2 a ± a.ot 

0.41 ± 0.03 

0.20 ± 0.02 

0.33 ± 0.02 

0.88 ± 0.06 

24.97 ± 1.86 

90 

0.25 ± 0.02 

0.20 ± 0.0 2* 

<0.02* 

0.11 ±0.01" 

0.10 ± 0.01* 

23.07 ± 1.10 


(0) 

(51) 

(100) 

(67) 

(89) 

(5) 

Human lung 

microsome 






0 

0.07 ± 0.01 

0.15 ±0.0! 

<0.02 

0.12 ±0.0! 

<0.02 

10.10 ± 1.19 

90 

0.09 ± 0.01 

0.12 ± 0.01* 

<0.02 

0.09 ±0.01* 

<0.02 

9.45 + 0.08 


(0) 

(20) 


(25) 


(6) 


' umbers in parentheses, percentage inhibiiion, 

h Significant!} (P < 0.05) different from the control as determined b> Student's / test. 


inhibition of keto aldehyde formation by carbon monoxide in 
control and P-450 1 A2-expressed Hep G2 cells (Table 2) sug¬ 
gests that a non-P450 endogenous enzyme(s) is catalyzing the 
reaction. 

The involvement of P-450 1A2 in the metabolism of NNK 
in human liver microsomes was demonstrated by studies with 
7.S-benzoflavone and an antibody against (his enzyme (Tables 
3 and 4). Although 7,8-benzoflavone inhibits both P-450s 1A1 
and 1A2. P-450 1AI is present in human liver at low levels and 
less effectively inhibited by 7,8-benzoflavone (7). P-450 1A2 is 
expressed as an adult protein primarily in the liver (27) and is 
inducible by cigarette smoking (7). Recently. P-450 1A2 has 
been found to be a major enzyme in the bioactivation of geno- 
toxic components of cigarette smoke condensate in human and 
animal liver (7). From the results of the present study. P-450 
1A2 accounted for 42% of the formation of keto alcohol in 
human liver microsomes, suggesting other P-450& are also 
involved in the metabolism of NNK. Immunoinhibition studies 
suggest that P-450 2E1 can also catalyze the formation of keto 
alcohol in human liver microsomes (Table 4). The human liver 
microsomal sample used (HL 114} is known to have a high 
level of P-450 2E1, which may account for the extensive inhi¬ 
bition (53%) of keto alcohol formation by anti-2El. Although 
results with P-450 2A6 expressed in Hep 02 cells suggested 
that this isozyme could catalyze keto alcohol formation, an 
inhibitory antibody raised against P-450 2A6 did not inhibit 
the formation of keto alcohol in human liver microsomes (Table 
4). This result may be due to the low amount of P-450 2A6 
present. It has been reported that the amount of P-450 2A6 
present in human liver microsomes is very low (7). Depending 
on the extent of expression of P-450s in individual human 
livers, the capacity of an individual to activate NNK will vary, 
and thus the increased risk for tobacco-related cancers will 
differ among individuals. 

The present study demonstrated that human lung micro- 
Somes are capable of metabolizing NNK. Similar findings were 
obtained with cultured human lung explants (28). The n-hy- 
droxylation metabolite profile in human lung microsomes, how¬ 
ever. was different from that in human liver microsomes in that 


formation of keto alcohol was not observed with the former. 
These results suggested that the enzyme(s) responsible for keto 
alcohol formation are absent or present at low levels. It is not 
known whether this difference affects the susceptibility of these 
two organs to the toxicity and carcinogenicity of NNK. Keto 
aldehyde formation is due to the a-hydroxylation of the meth¬ 
ylene carbon of NNK, which can lead to the methylation of 
DNA. The formation of keto alcohol is due to the a-hydroxyl- 
ation of the methyl carbon of NNK, which can lead to the 
pyridyloxobuiylation of DNA (Fig. 1) (3, 4). Liu et al. (29) 
found that keto aldehyde was a strong DNA-damaging agent 
in cultured rat hepatocytes. Studies with A/J mice have sug¬ 
gested that DNA methytation is more important for NNK 

Tabic 3 Inhibition ofSSK metabolism in P-450 l A2-expressed Hep G2 cells and 
human fiver and lung microsomes by n-naphthofla\one* 


inhibitor 


concentration 

(fiM) 

Keto 

aldehyde 

Keto 

alcohol 


(pmol/min/mg protein) 

P-450 1A2 in 

Hep G2 cell 


0 

0,15 + 0.01 

0.96 + 0.05* 

5 

0.16 ± 0.01 

<0.02' 


(0)' 

(100) 

10 

O.iS + O.O! 

<0.02' 


(0) 

(100) 

Human liver microsome 


0 

0.30 + 0.02 

1.29*0.10* 

5 

0.32 + 0.01 

0.70 ± 0.03' 


(0) 

(46) 

10 

0.34 + 0.02 

0.69 ± 0.04' 


(0) 

(47) 

Human lung microsome 


0 

0.19 + 0.01 

ND' 

5 

0.19 + 0.02 
(0) 

ND 

10 

0.20 + 0.02 
(0) 

ND 


* Values are the mean ± SD of three replications. 

tm e Significant!} {P < 0.05) different from each other as determined by analysis 
of variance followed by the Newman-Keu Is range test. 

4 Values in parentheses are the percentage inhibition of metabolite formation. 

* ND. not detectable. 


1761 


PM3001192313 


Source: https://www.industrydocuments.ucsf.edu/docs/trwk0001 







MLlkBOUsM OF ^Nk B\ Hi MAN O TOCHROMES IM50 


Table 4 Inhibition of Wk metabolism in human fiver microtomes by antibodies against cytochromes P-450 
Polyclonal antibodies anti-lAl (NAL). ami-201 (P-450 lTH ). anii-ZEl IP-450)). ami-3A4 (P-45(kr). anti-2C8 (P-450„,,). ami-lAl (P-450 IT i). and lgC *1 
rntrol) were added to liver microsomes at a concentration of 5 mg/nmol P45Q or as dcscribed [12-181. The microsomal-antibody mixture wax allowed to reue, 


icontroll 

10 min at room temperature before being used in incubations. Values are the mean ± 5D of three replications. 


Antibody 

Hydroxy Kcto 

acid aldehyde 

NNAL-.Y- 

oxide 

NNK-.V* 

oxide 

Keto alcohol 

NNAL 


(pmol/min/mg protein) 



None 

0.12 ±0.01 0.30*0.02. 

0 3 7 t 0 0! 

0.54 ± 0.04 

1.49 ± 0.12 

20.6 ± 1.5 

IgG scrum (control) 

0.14 ±0.01 0.29 ±0.02 

0.18 * 0.02 

0.56 ± 0.03 

1.54 * 0 16 

20.2 t U 

Ann*] A2 

0.14 ±0.02 0.33 ±0.03 

0.19 ± 0.01 

0.57 ± 0.05 

0.89 ± 0.05 1, 

19.3 ± 1,3 


tor (0) 

(0) 

(0) 

(42) 

(4) 

Anti-201 

0.14 ±0.01 0.33 ±0.0: 

0.18 ± 0.01 

0.63 - 0.02 

1.56 ±0.10 

20.6 + 1.7 


(0) 10) 

(0) 

(01 

io> „ 

(0) 

Anti-2El 

0.13 ±0.01 0.28 ±0.02 

0.18 ±0.01 

0.59 * 0.04 

0.72 * 0.03* 

21.1 + 1.8 


(7) |4) 

(0) 

(01 

(53) 

(0) 

Anti-3A4 

0.13 ± 0.02 0.32 ±0.02 

0.19 ± 0.02 

0.55 ± 0.05 

1.50*0.09 

19.9+ 1.1 


(7) (0) 

(0) 

(0) 

(0) 

(2) 

Ami-2C8 

0.11* 0.02 0.3! ±0.01 

0.18 ± 0.02 

0.56 ± 0.02 

1.50*0.12 

20.6 ± 2.0 


(14) (0) 

(0) 

(0) 

(0) 

(0) 

Anti-2A! 

0.16 ± 0.01 0.35 * 0 02 

0.22 ± 0.02 

0.60 ± 0.05 

1.59 + 0.11 

20.2+ 1.5 


(0) (0) 

(0) 

(0) 

(0) 


* Numbers in parentheses. percentage inhibition. 





Significant!} [P< 0.05} different from the control (IgG) as determined by Student's / test. 




Table 5 

inhibition of A'.VA' metabolism in human lung microsomes by antibodies against cytochromes P-450 


Polyclonal antibodies arui-lA2 (NAL), anti-2DI (P-450 vt-k)'. anti-2£l (P-450j). anti*3.44 (P-45Gn F )+ anti-2C8 (P-450Mr-t), anti-2AJ (P-*450 ^t-fJ+ and IgG serum 

(control) were added to lung microsomes at a concentration of 5 mg/nmol P450 or as described U2 

— 18). The microsomal-antibody mixture was allowed to react for 

10 min at room temperature before being used in incubations Values are the mean + SO of three replications. 




Hydroxy 

Keto 




Antibody 

add 

aldehyde 

NNR'.V-oxidt 


NNAL 



(pmol/min/ 

mg protein) 



None 

0.05 ± 0.001 

0.20 * 0.01 

0-11 ±0.01 


13.28 ±0.60 

IgG ■serum (control) 

0.04 ± 0.003 

0 .2) * 0.01 

0.13 ±0.01 


13.62 ± 1.00 

Anii-l A2 

0.05 ± 0.002 

0.23 ± 0.02 

0.11 ± 0.02 


13.60 + 0.58 


(0)' 

(0) 

(15) 


(0) 

Anii-2Dl 

0.05 * 0.002 

0.19 ± 0.02 

0.12 ± 0.01 


13.70 ±0.70 


(0) 

(9) 

(81 


(0) 

Ami-2El 

0.04 ± 0.002 

0.22 £ 0.01 

0,!3 ± 0.01 


13.35 ± L20 


(01 

(0) 

(0) 


(3) 

Anti-3A4 

0.04 ± 0.003 

0.21 ± 0.02 

0.11 * 0.01 


13 20 ±0.36 


(0) 

(0) 

(151 


(4) 

Anti-2C8 

0,04 ± 0.004 

0.22 * 0-01 

0 .12*0.01 


12.54 ± 1.12 


(0J 

(0) 

(8) 


(9) 

Anti-2A l 

0.06 * 0.003 

0.25 ± 0.01 

0.15*0.02 


13.54 ± 1.25 


(01 

(0) 

(0) 


tu 


* Numbers in parentheses, percentage inhibition. 


carcinogenesis in the lung (30). However, pyridyioxobutylation 
of DNA, which occurs in vivo, is also believed to be important 
in NNK carcinogenesis (31). It has been demonstrated that 4- 
(3-pyridyl)-4-oxobutyldiazohydroxide could damage DNA and 
was more effective in causing mutations in Salmonella typhi- 
mun'um than methyldiazohydroxide (32). 

Multiple K m pathways in the activation of NNK have been 
suggested in animal studies (5, 33) and were expected to be 
found in humans. However, with human samples, a low K m (5- 
20 u M) in NNK metabolism was not observed, and only high 
K a s (0.3-0.6 mm) were observed (Table 1; Fig. S). This could 
reflect a lack of the low A' m enzyme in human lung, or it may 
not be determined due to the low activity of the human lung 
microsomal samples. With human lung microsomes, NNAL 
formation was the predominant pathway, and the total a- 
hydroxylation rate was much lower than those with mouse and 
rat lung microsomes (Fig. 3). In addition, a large portion of the 
activity in forming keto aldehyde was not inhibited by carbon 
monoxide in human lung microsomes, in contrast to mouse 
and rat lung microsomes. These differences may be due to a 
species difference. The NNAL formed could be converted to 
NNK, and NNAL could also undergo direct a-hydroxylation 
(Fig. 1) (34). It has been suggested that the direct a-hydroxyl- 
ation of NNAL to DNA-damaging intermediates is the more 
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important mechanism in DNA adduct formation and tu 
initiation (29, 30). 

The extent of human DNA alkylation depends not only on 
the dose of the carcinogen but also on the target organ’s ability 
to activate the carcinogen (35). Human liver and lung have the 
ability to activate NNK. Differences in the metabolic capacity 
of an individual to activate NNK due to the relative composition 
of P-450 may be important in determining a person’s risk for 
tobacco-related cancers. 

Interindividual variations in the metabolism of drugs and 
carcinogens have been suggested to be partially due to variations 
in the P-450 enzymes. The expression of human P-450s 2D6, 
the 3A gene family, and 2C gene family members have been 
suggested to be polymorphic (l 3-15, 36). Results obtained with 
P450-expressed Hep G2 cells (Fig. 2) and studies with antibod¬ 
ies (Tables 4 and 5) suggest that P-450s 2C8, 2D I, 2D6, and 
3A4 are not involved in the activation of NNK in human lung 
and liver microsomes. This conclusion differs from the findings 
of Crespi el al. (25), who reported that P-450 2D6 (and 2A6) 
enhanced NNK-induced mutagenicity and cytotoxicity in a B- 
lymphoblastoid cell line. 1 * In the study by Crespi et al. (25), P- 
450 1A2 also was by far the most active enzyme. Evidence for 
the lack of a role for cytochrome P-450 2D6 in the activation 
of carcinogens, which include 2-amino-3-methy!imidazo[4,5-/] 
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^jinoline (37). .V-nilrosodimethylamine, benzo(a)pyrene, and 
diaiep am 08) has been demonstrated. The extent of expression 
C p-jsO -D6 in extrahepatic tissues is currently not known. 
Therefore, a molecular basis for the relationship between lung 
-ancer incidence and debrisoquine metabolism polymorphism 
still lacking. 
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